In this study, a new method has been presented for the detection of broken rotor bar (BRB) faults in inverter driven induction motors controlled via Field Oriented Control (FOC). To this end, a FOC controlled induction motor with a BRB fault was modeled using the Matlab/Simulink program. Experiments were carried out using the prepared simulation model at various loads and operating speeds. The motor current and speeds were monitored for healthy, 1, 2 and 3 BRB faults. The Resampling Based Order Tracking Analysis (RB-OTA) method was applied to the monitored signals. The obtained results were compared by using the classic Fast Fourier Transform (FFT) method. When the obtained results were analyzed via the FFT method no information regarding any faults was determined in the run up or run down regions of the motor and the presented method gave very good results. The reliability of the proposed method was validated with experimental results. The main innovative part of this study is that the RB-OTA method was implemented on the induction motor current signal for detecting BRB faults.
I. INTRODUCTION
Induction motors are preferred in many industrial applications due to their comparatively simple structures, cheap prices and stable operation. The early detection of faults in the electrical and mechanical parts of these motors is very important in terms of facility safety and costs. As it is the case in all rotating machines, periodic maintenance is very important to ensure that the electrical motors operate without any faults for a long time. Today, real time condition monitoring and predictive maintenance is taking the place of periodic applications. Hence the condition monitoring and predictive maintenance of electric motors have been one of the most important topics in recent years [1] - [7] .
Inverter driven induction motors are frequently used in applications that require variable speed and torque. Thanks to developments in control methods and inverter capabilities, induction motors can also be controlled as direct current motors and are frequently preferred in applications that require fast response, speed sensitivity and position control.
One of the methods used for such motors is the Field
Oriented Control (FOC) method. In the FOC method the current, voltage and flux are transferred to 2 planes with a phase difference of 90 0 [8] . Hence the speed and torque of the induction motors can be controlled independently just as in a separately excited direct current motor.
Since the voltage applied to the motor windings in inverter driven motors is not pure sinusoidal, additional harmonics are injected to the motor windings. These harmonics may cause an additional temperature rise in the windings along with resonance in the moment generated by the motor. This in turn causes knocking and deviations in the speed of the systems in which these motors are used. With switching frequency in the new generation IGBTs approaching 20 kHz, the effects of the aforementioned problems on the motor have been decreased. However, when the amplitudes of the additional harmonics injected into the motor current are large, the harmonics related to the fault are suppressed and this decreases the reliability of the methods used for fault detection [9] . The method that is most widely used for fault detection in induction motors is motor current signal analysis (MCSA). This method is based on the principle of monitoring the frequency components of the monitored signal via FFT analysis. The traditional MCSA method is especially successful for motors operating under a constant load torque, speed and voltage [10] . However, it is insufficient for systems operating under variable loads such as compressors, freight lifts, etc. There are many studies in the literature regarding the detection of BRB faults in induction motors via the MCSA method [11] - [18] . In order to detect BRB faults, the researchers have monitored the sideband components that occur in the upper and lower sidebands of the fundamental frequency. However, the motor speed changes continuously in inverter driven motors and this in turn changes both the amplitude and the frequency of the voltage applied to the motor windings and the current passing through the motor windings. The MCSA method, which gives successful results for stationary signals, is insufficient for dynamic signals.
The Resampling Based Order Tracking Analysis (RB-OTA) method has been used successfully for the dynamic signals in the monitoring of rotating machines and predictive maintenance applications [19] . This method is based on the principle of monitoring the dynamic vibration signals and the shaft speed and carrying out resampling of the vibration signal according to the speed signal. Thus the detection of faults related to the rotor speed in systems with variable speeds is successfully carried out [20] - [23] .
In this study the RB-OTA method was implemented on motor current and speed signal to detect BRB faults. The RB-OTA method's marking flow diagram is given in Fig. 1 [19] . The RB-OTA method steps are given below: ▪ Acquire data samples from the encoder and current sensor synchronously at a constant sample rate. ▪ Determine the pulse edges from the encoder signal and interpolate the pulse edges to get the time instance for resampling. ▪ Perform software resampling on the current signal according to the time instant determined in step a and generate the angle-samples. ▪ Obtain the order spectrum of the signal by performing a FFT on the angle-samples. ▪ Track the magnitude and phase of each individual order for a long time, revolution, or rpm. 
II. INDUCTION MOTOR BROKEN ROTOR BAR FAULTS
Squirrel cage rotor design and manufacturing have undergone little change over the years [24] . Rotor related faults are usually associated with thermal stresses, magnetic stresses due to electromagnetic forces, residual stresses in insufficient manufacturing and environmental stresses that are caused by moisture, etc [6] . Rotor faults start as a high resistance, causing high temperatures and then progress to cracking or small holes in the rotor bars [25] . These faults are more likely to take place at the cage end rings. Different motor parameters such as pulsations in the speed, air gap flux, vibrations and motor current signature can be monitored for the detection of BRB faults. Early fault detection techniques for these motors can significantly reduce the maintenance costs. Spectrum analysis has been preferred by most researchers. Thomson and Stewart [26] , Kliman et al [27] , Flippetti et al [28] and Elkasabgy [29] used MCSA to detect broken bar faults. They demonstrated sideband components around the fundamental frequency to detect BRB faults. The lower sideband is for broken bars whereas the upper sideband is for consequent speed oscillations. Step 2: Determine Time Instant for Resampling
Step 3: Resample Current Data Time Instant
Step 4b: Figure Step 4a: Figure Out Order Spectrum   is the frequency of the supply phase, s is the motor slip and k=0, 1, 2,…n. The magnitudes of the sideband components change with the load inertia. In addition to Equation (1), other spectral components that occur can be observed in the motor line current by using Equation (2) [30] .
p denotes the number of pole pairs (p=2,4,..n). Fig. 2 shows the frequency of the components specific for BRB faults, which is given in Equation 1 for k = 1, 2 and 3. These frequencies are located around the fundamental line frequency and are called lower sideband and upper sideband components, as indicated in Fig. 2 [31] .
A. Mathematical Model of Induction Machines with Broken Rotor Bars Faults
In induction motors, the air gap between the stator and the rotor is symmetrically distributed [32] . A fault that occurs in these motors causes a disruption of this symmetry. The BRB faults in induction motors causes a change in the rotor phase resistances and instability between the rotor phases which in turn results in a disruption of the symmetry in the rotating electromagnetic field between the stator and the rotor. As a result, this asymmetrical situation produces additional frequency components in the motor currents. Thus the modeling of BRB faults in the mathematical modeling of induction motors can be easily carried out by additional resistances added to the rotor phase resistances [32] .
In the modeling study that was carried out, the effect of the rotor end ring was neglected and it was assumed that the resistance and inductance of the stator did not change. In this case, the modified rotor resistance matrix in the abc reference domain can be written as in Equation (3) [32] .
The ∆  , ∆  , ∆  expressions in the equality represent the changes in the rotor resistance arising from the BRB faults in phases a, b and respectively. The given in Equation (3) can be defined as below [32] .
The expressions of , , represent the number of faulty rotor bars, the total number of rotor bars and the rotor one phase equivalent resistance, respectively. When the effect of the end ring is neglected, the rotor one phase equivalent resistance for a healthy induction motor can be expressed as in Equation (5) [32]. 
The   expression used in Equation (5) represents the rotor bar resistance. In this case, the one phase equivalent resistance for a rotor with   rotor bar faults has been given below.
  represents the equivalent stator turn numbers of the winding. In this case, the change in the rotor phase resistances due to rotor bar faults, is defined by Equation (7).
III. RESAMPLING BASED ORDER TRACKING ANALYSIS METHOD
The Order Tracking Analysis (OTA) method is one of the most frequently used methods for monitoring rotating machines. One of the biggest advantages of the OTA method when compared to other methods used in the analysis of vibration signals is that it provides successful results for non-stationary signals which vary in frequency and amplitude with the rotation of a shaft [19] . In the analysis of non-stationary signals, additional details are required according to the stationary signals to achieve successful results. The primary detail is the most accurate possible measurement of the motor speed information over the encoder. In recent years, many researchers have developed various methods for OTA. One of these methods is the Fourier Transformation Based Order Tracking (FFT-OT) method. However, this method is not successful enough for non-stationary signals and it is usually used to detect the order components in systems which have no or very small speed changes [20] . The second method is the RB-OTA method. With this method, many of the problems faced with the FFT-OT method were solved. This method is based on a resampling of the vibration signal according to the speed signal among the vibration and speed signals simultaneously monitored and recorded with a constant sampling speed [21] . The third method is the Vold Kalman Filter Based Tracking (VKF-OT) method. The primary difference between this method and the two methods mentioned above is a change in the amplitude and phase information of the signal [22] . Another method is the Gabor Order Tracking method based on the reconstruction principle of the wave form presented by Albriht and Qian in 2001 [23] . In this simulation and experimental study, the RB-OTA method was used as it provides successful results despite shorter processing times in real time applications. In addition, it is easily applied in terms of hardware. The most important difference distinguishing the presented study from other studies found in the literature is that it is applied to a non-stationary phase current rather than vibration signals. In the RB-OTA method, the constant angular intervals are resampled with the constant sampling data. When sampled with constant ∆, the sampling data is transformed to equal angular intervals with the interpolation algorithm. The times where equal angular intervals are formed are calculated with the processing of the encoder signal. After resampling the data, the equivalence of the data in the time domain is decided [20] . This process can be realized in real time with special data acquisition hardware systems. The data transformed into the angular domain is processed according to the FFT or Discrete Fourier transformation [20] . The exit spectral lines represent constant orders as long as the transforms are performed on angular domain data. This means that there are equivalent sampling relations against the time/frequency sampling relations in the angle/order domain. These equivalent sampling relations are given in Equation (8) . Equation 8 represents the order resolution of the output order spectrum,  represents the total number of analyzed values,  represents the total number of points on the realized transformations, ∆ represents the angular spacing of the repeated samples,     represents the angular sample rate with which the data is sampled,    represents the Nyquist order and    represents the maximum sample which can be analyzed. This means that the analysis for good order resolution should be applied to many resolutions. The maximum order which can be analyzed can be found with the corresponding number of samples or the angular sampling rate per revolution. The angular size of the cores of the transformations is given in Equation (9) [20] .
  ,   and   the expressions given in Equation (9) represent, respectively, the order which is being analyzed, Fourier coefficient of the cosine term for   and the Fourier coefficient for the sinus term for   .
IV. SIMULATION AND EXPERIMENTAL STUDY
In this part, an induction motor with FOC has been modeled in Matlab/Simulink. In the prepared model 1, 2 and 3 BRB faults were simulated at various speeds and loads. The Simulink block diagram prepared for the FOC in an induction motor has been given in Fig. 3 [33] . In the simulation and experimental studies a 4 pole induction motor with a shaft power of 2.2 kW was used. The parameters of the motor have been given in Table I. In the simulation study, the motor current and rotor speed were recorded at a sampling rate of 50 kS/s after applying the reference speeds according to the predetermined run up, constant speed and run down ramps for 5 seconds. In the RB-OTA method used in this paper, the rotor speed should be defined as an incremental encoder output. To this end, a block that transforms the rotor speed to an encoder signal was modeled and coupled to the real model. The incremental encoder model formed generates 1 ppr and 5 V output. A block diagram of the incremental encoder model has been given in Fig. 4 .
In the Simulink model, BRB faults are realized by additional resistances added to the rotor circuit. The resistance values were calculated by using Equation (7). Accordingly, the resistance values that should be added in order to create 1, 2 and 3 BRB faults are ∆  = 0.0979 Ω, ∆  = 0.2225 Ω and ∆  = 0.3865 Ω respectively. In the experimental study, a 2.2 kW 4 pole star connected squirrel cage induction motor was used. The motor is loaded with an eddy current brake whose armature voltage and current are 48 V dc and 2.2 A, respectively. The squirrel cage induction motor was driven by a Siemens Sinamics CU 310 DP inverter. The purpose of motor monitoring system is to measure the motor stator current and rotor speed. The motor current and speed were measured by using a c-DAQ 9174 with a NI9227 current module, a NI9239 voltage module and both through an incremental encoder. The RB-OTA was implemented by using NI Sound and Vibration Assistant software. The motor current and speed signals are acquired at a sampling rate of 50 kS/s for healthy and under 3 BRB faults for no load and full load conditions. The motor test bench and faulty rotor are illustrated in Fig.5 .
V. APPLICATION FOR RESAMPLING BASED ORDER TRACKING ANALYSIS METHOD
In this section, the FFT and RB-OTA transformations were implemented on the current signal obtained as a result of simulations and experimental study. The results obtained for both healthy and faulty conditions were compared. In both methods the Hanning window method was preferred. This window method is popular since it generates well balanced data due to the function used. As can be seen in Fig. 6 , the run up, constant speed and run down regions were determined to be 0-1.5 s, 1.5-3.5 s and 3.5-5 s, respectively. When the run up and run down regions are examined it is observed that both the amplitude and the frequency of the currents change. FFT and RB-OTA transformations were made on the current signal obtained in these operating regions for no loaded and fully loaded cases for all 3 bar faults, and the frequency-order components related to the faults were examined in the spectrum graphs. The motor current and speed wave figures have been given in Fig. 6 . When the no load motor operating spectrum graph is examined, it is seen that the fundamental frequency occurs at 50.4 Hz. At this operating load the motor slip () is 0.0079. According to Equation (1), there should be frequency components at 49.6 Hz and 51.19 Hz. However, as is the case in other studies in the literature, the determination of BRB faults via the FFT spectrum in unloaded operation is quite difficult. However, when the motor full load spectrum graph is examined the fundamental frequency is observed at 56.2 Hz. Since the system operates in the closed loop speed control mode, the frequency of the motor current has increased in order to reach the desired output. In this operating load, the motor slip is 0.11. For the 3 BRB faults, the frequency components were observed in the upper sidebands of the fundamental frequency at 68.56 Hz and 80.92 Hz. These components are frequency components formed due to oscillations in speed. However, the frequency components related to the BRB faults that should be observed to the lower sideband of the fundamental frequency at 43,84 Hz and 31,48 Hz were not observed. As can be seen in Fig. 7 , the same thing goes for both the 1 BRB and 2 BRB faults. When the RB-OTA method was applied to the current under the same operating conditions as for the 1, 2 and 3 BRB faults, the result were given in Fig. 8 . . Correspondingly, the fundamental component was obtained at the 2.01 st order in the unloaded operating spectrum and at the 2.24 th order in the fully loaded operation. In the unloaded operation no fault component was observed as was the case in the FFT spectrum. However, when the full load spectrum is examined, order components are observed both to the upper and lower regions of the fundamental component. The component on the lower sideband was observed at the 1.75 th order whereas the component on the upper sideband was observed at the 2.72 nd order. Again, in accordance with the k expression in Equation (1), the sidebands related to the faults and the oscillations in speed are clearly observed in the order spectrum. As can be observed from the graphical results, the RB-OTA method is very effective in determining faults in dynamic operating conditions. Hence the order component, the place on the lower sideband which changes according to (1 − 2) will give accurate information regarding BRB faults. The change in the amplitude values of this order component according to the load and the number of faulty rotor bars has been given in Fig.  9 . Fig. 9 . The effect of increasing number of broken bar and load level on the amplitude of (1-2s) f component in order spectrum. It can be easily observed from Fig. 9 that BRB faults are very difficult to determine in unloaded operating conditions and that there is an increase of about 25 dB in the amplitude of the related order component with load. In addition, the amplitude change increases with an increase in the number of breaks in the rotor bar at the same load amount. The loads used in industry are mostly dynamic. While a change in the load causes a change in the motor speeds in line fed motors, it causes a change in the frequency and amplitude in inverter driven motors if closed loop speed control is in effect. The load of a motor operating under a 10 Nm load is increased in the 3 rd second, thus increasing it to 110% of its nominal load. In this case the graphs for the obtained load, speed and current are given in Fig. 10 . As can be seen from the graph, with a load increase at the 3 rd second, both the amplitude and the frequency of the current drawn from the motor coils have increased.
The FFT and order spectra obtained in this case are given in Figs. 11 and 12 , respectively. Whereas no fault related finding was observed in the FFT spectra as a result of the changes in the amplitude and frequency with the change in load, order components related to the fault are clearly observed in the upper and lower regions of the fundamental component in the order spectrum. An experimental study was conducted in addition to the simulation study in order to show the effectiveness of the proposed method in determining BRB faults. In the experimental study, an induction motor was operated according to the velocity curve described in Fig. 6 at no load and full load conditions. The current FFT and order spectrums for healthy and 3 BRB fault conditions were compared. A no load and full load FFT graph was displayed in Fig. 13 for the current condition of 3 BRB faults. When examining the graph, it can be seen that there are no components related to the fault on the lower or the upper regions of the basic frequency. The RB-OTA method was implemented on the current signals recorded during the experimental study, and the obtained order spectrums are presented in Figs.14 and 15. As in the simulation study, order components related to the fault were not found in this study. Misalignment peaks were detected at 1. and 3. order levels. When the motor was loaded, as it operated in the closed loop speed control mode, the value of the supplying frequency increased; and it skipped into the 2.11 order level from the 2. order level depending on the load amount. According to Equation 1, order components were found on the upper sidebands of the fundamental component at the 2.36 and 2.61 order levels and on the lower sidebands at the 1.86 and 1.60 order levels because of the BRB faults. The results obtained from the experimental study support the simulation study.
VI. CONCLUSIONS
In the simulation and experimental study, BRB fault detection was carried out for inverter driven FOC controlled induction motors. The following results were obtained: ▪ Both the frequency and the amplitude of the current drawn by the motor change in the run up and run down regions. As a result of the analyses carried out in these regions it was determined that the FFT method contains no information regarding the faults. However, the RB-OTA method causes the signal in these regions to be stationary in the angular domain since it resamples the current according to the speed. Thus the order spectra obtained from these regions contain accurate information about the faults. ▪ In the study carried out for changes in the faults due to the load quantity and the number of broken bars, the results are similar to those in the literature which were obtained for motors operating in stationary conditions. The amplitude of the component to the lower of the fundamental component that gives information about faults increases in direct proportion to the load and the number of broken bars. ▪ When the load of a motor operating under a certain load at a constant speed is increased, both the amplitude and the frequency of the current increase. In this case, the FFT is insufficient in the analyses studies carried out whereas the RB-OTA method contains accurate information about the faults. ▪ The obtained experimental results support the simulation results and it has shown that the method will successfully detect BRB faults in inverter-driven motors. ▪ One of the biggest advantages of the presented method is that it involves no additional cost for the user, because there are built in current and speed sensors in inverter driven systems. The inverter can be made to attain the abilities of online motor monitoring and fault detection in addition to its driver ability via additional software without any extra hardware requirements. Thus the maintenance costs of facilities can be lowered while their security is enhanced.
